Following Ritchie, the anomalous characteristic energy losses of energy lower than the plasmon energy, exhibited by some metals, are attributed to quantized surface waves of the degenerate electron gas. Although Ritchie's theory has been verified for an ideal pure metal surface by Powell and Swan by reflection of high-energy electrons, the transmission experiments show a lower energy loss generally. This is accounted for by taking into account the relaxation produced by the oxide coating on the surface of the metal. In this way, the experimental data is completely accounted for without the assumption of any anomalous bulk dielectric properties of the metal. The present paper studies the dependence on thickness of the oxide coating, and it is found that a surprisingly thin coating, say only 20 angstroms thick, can produce a significant effect. It is established that a measurement of the dispersion of the energy loss versus angle of scattering in the transmission experiment would yield a measurement of the oxide film thickness. A further check on the theory is suggested by a measurement of the angular dependence of the intensity of the lowlying characteristic energy loss. A special eQ'ect is predicted for non-normally incident fast electrons. It should be found that the intensity pattern should Gare away from the plane of incidence.
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Besides these special angular effects it is predicted that because of the sensitivity of the surface plasma oscillations to any surface coating the value of the surface characteristic energy loss can be varied between wide limits by choosing the appropriate coating.
In particular, making double films of two different metals should produce surface characteristic energy losses in between the bulk characteristic energy losses of the two separate metals.
I. INTRODUCTION ITCHIE' has noted for a semi-in6nite plasma that there exists not only the bulk plasma oscillations of the classical frequency co" in the interior of the plasma, but also surface plasma oscillations, the quanta of which we will call surface plasmons, at the interface between the plasma and vacuum of a frequency cu"/K2. He has further estimated the excitation probability of these modes of oscillation and has found that they should be quite observable in the usual characteristic energy loss experiments of fast electrons impinging upon metal samples, if the metal does not deviate signidcantly from the ideal behavior of a free electron gas. Various Let us now return to the cases of pure aluminum and pure magnesium bounded by their own oxides. In these cases, Powell and Swan' find that the surface plasmon relaxes from 10.3 ev to 7.1 ev for aluminum and from 7.1 ev to 4.9 ev for magnesium. In each case, in order to interpret this result we must according to Eq. (6a) ascribe to the dielectric constant the value e = 3.65. ( for the surface waves falls below the threshold for absorption by the oxides. As explained above, this would not a priori necessarily be the case, for in general it can happen that the oxide will cause the disappearance of the original plasma vacuum line, without causing the reappearance of a relaxed line to take its place.
In order to describe in more detail the excitation of the surface waves it is necessary to compute the probability of scattering an incident electron by an angle 8, corresponding to a momentum recoil along the surface of Ak. The scattering coefficient will be computed according to a semiclassical method already published, " which will therefore be described here only very briefly. where Ak is the momentum transfer normal to the foil. Consequently, the matrix element we desire is the integral of this p,ff with the charge density corresponding to H'. This charge density is in turn the coefficient of the right-hand member of Eq. (4) of the function exp(i~et). Consequently, we find for the matrix element in question the expression A 2k
(H') = -eq p- 
The number of quanta of surface wave oscillation contained in the system is therefore A (~/V) p(8+)dQ = (22r/A)dp(E)~FI'I"~' .
The differential density of states is given by where 0. is the angle of incidence and 0 is measured relative to the plane of incidence. It will be noted that for non-normally incident electrons the zero in the scattering pattern no longer coincides with the direction of incidence but is instead shifted to the nonzero scattering angle 8=kg tano. , 0 =0.
Since 8& is generally a very small angle (less than a milliradian) this shifting of the zero will not generally be observable. Another eGect which however should be susceptible to observation is seen by considering Kq.
(19) for 8 much greater than 8E . . Thus we see that there should be a considerable flaring of the intensity pattern away from the plane of incidence, the more so the greater the angle of incidence becomes. Observation of this feature of the intensity pattern wouM be further conclusive evidence of the surface wave excitation interpretation of the low-lying characteristic energy losses.
A further quantity of interest is the differential probability for scattering into the conical solid angle dQ = 2xgd8; 4e' 8E82d0 dP = p2m8d8= Fr, v(1+ o) (8~2+82)2 (22) where for simplicity we will from now on restrict ourselves to the case of normal incidence. Integrating this expression over all scattering angle gives for the total probability of excitation of a surface wave upon passing through an interface the expression F' = 2re2/AV(1+ o), (23) Upon replacing o by unity (vacuum) this reduces to Ritchie's result, taking into account the factor of two arising from the two surfaces of a metal film in his case compared to the one surface in our case. It should be noted that in interpreting Eq. (23) as expressing the probability for surface wave excitation relative to the probability of. finding any given electron emerging without any energy loss, the attenuation in passing through the metal film and dielectric medium is taken into conand we have used the abbreviation 8~--hhk/p =A(u,/(2F).
We have included in Eq. (16) 
where X~is the photon wavelength corresponding to the bulk plasmon photon energy, and amounts to 845 angstroms, for aluminum. Taking again the case of 10-kev incident electrons, we find (Dk) '=38 angstroms. For a thickness of r=3hk '=114 angstroms, we would obtain a splitting of five percent. Since the films used in the transmission experiments are generally considerably thicker than this, it is clear that the interference of the two surfaces can legitimately be neglected, and that one can use the picture of Fig. 1(c 
This function is plotted in Fig. 3 where it will be seen that the completely relaxed line already obtains about 50 percent of its maximum strength for a thickness of about -, '&0 or about 20 angstroms for the case of aluminum oxide on aluminum. Figure 3 illustrates the somewhat surprising result that even for a very thin oxide coating the completely relaxed line appears, but with a low intensity. As the layer thickness is increased, the intensity grows rapidly. Thus the general result of oxidizing a metallic surface is to cause the metal vacuum oscillations to disappear quickly and in their place at a significantly lower frequency to appear the completely relaxed line with rapidly growing intensity. This explains why one does not see a continuous shift from the original line down to the relaxed line, but instead the original line disappears and a new line appears at a separate frequency.
IV. CONCLUSION
The goal of the above work has been to establish that Ritchies explanation of the low-lying characteristic energy losses is basically adequate to account for all. of the observed data, and only needs the natural extension to be taken to account for the oxide coatings on the metallic surfaces. Thus the surface waves give a natural explanation of the low-lying losses without any need of postulating ad hoc deviations of the dielectric bulk properties of the metals from relatively ideal behavior. One confirmation of the surface wave theory would be the detection of surface waves existing at the interface of two diferent plasmas. For example, a double metal film composed of a layer of aluminum in intimate contact with a layer of magnesium should exhibit a new characteristic energy loss at 13 electron volts.
Experimental measurements on the angular dependence of the low-lying losses would be extremely valuable. A measurement of the dispersion of the energy loss~as a function of a scattering angle would determine the oxide thickness, while intensity measurements as a function of angle would give a good check on the theory.
In particular, it would be very interesting to look for the characteristic flaring of the intensity pattern away from the plane of incidence for novi-normally incident electrons.
